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A B S T R A C T
Spatial updating is essential to maintain an accurate representation of our visual environment when we move. A
neural mechanism that contributes to this ability is called remapping: the transfer of visual information from
neural populations that code a location before the motion to those that encode it after the motion. While there is
ample evidence for neural remapping in conjunction with eye movements, only recent ﬁndings suggest a role of
this mechanism for whole-body motion updating, based on the observation that alpha band (10 Hz) activity is
selectively reorganized during remapping. This study tested whether alpha oscillations directly contribute to
whole-body motion updating using transcranial alternating current stimulation (tACS). In a double blind sham
controlled design, healthy volunteers received 10 Hz tACS at an intensity of 1 mA over either the left or right
posterior hemisphere during a whole-body motion updating task. Updating performance was assessed psycho-
metrically and indices of gain and precision were obtained. No tACS-related eﬀects on updating gain were found,
irrespective of whether the remapping was across or within the hemispheres. In contrast, updating precision was
enhanced when a target representation had to be internally remapped to the stimulated hemisphere, but not in
other remapping conditions. Our observations suggest that alpha band oscillations do not directly aﬀect the
transfer of target representations during remapping, but increase the ﬁdelity of the updated representation by
attenuating interference of aﬀerent information.
1. Introduction
When navigating through the environment, we continuously keep
track of objects in our immediate surroundings, internally updating
their locations in conjunction with our moving body i.e. ‘spatial up-
dating’ (for reviews see Klier and Angelaki, 2008; Medendorp, 2011).
The neural correlates of this behavior have been studied extensively
using saccadic updating paradigms. Based on monkey single-unit stu-
dies, one mechanism that has been identiﬁed is called remapping: the
transfer of the representation of a stimulus location from neurons ac-
tivated by the stimulus before the saccade to those that represent its
location after the saccade (Colby et al., 1995; Sommer and Wurtz,
2008). Evidence for this mechanism has also been found in the human
brain, based on brain oscillations (Van Der Werf et al., 2013), BOLD
signals (Medendorp et al., 2003; Merriam et al., 2003) and TMS ﬁnd-
ings (Morris et al., 2007).
In contrast to saccades, the neural underpinnings of spatial updating
across head and body motion have been studied much less. It is only
recently that studies suggest that remapping can also account for
updating across whole-body motion (Gutteling et al., 2015; Gutteling
and Medendorp, 2016). Evidence is based on neural oscillations in the
alpha band (8–12 Hz), whose power increases and decreases have been
associated with the selective inhibition and engagement of neuronal
populations, respectively (Jensen and Mazaheri, 2010).
In Gutteling et al. (2015), we showed that alpha band power across
occipital-parietal areas switches hemispheres when a target location
reverses sides relative to the body midline (which was aligned with
gaze) during the motion. More speciﬁcally, an increase of power was
observed in the hemisphere to which the target representation was
remapped. These ﬁndings were interpreted as a protection mechanism
in which alpha oscillations impede other inputs that could distort the
quality of target representation (Gutteling and Medendorp, 2016).
Furthermore, a correlation was observed between the change in power
and the spatial extent of remapping, as if alpha oscillations facilitated
transfer of the target representation from the one neuronal population
to the other during remapping. However, it remains unclear whether
alpha oscillations directly gate remapping, reduce interference eﬀects,
or only reﬂect a proxy outcome of the remapping process.
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Given that spatial updating is reﬂected in a speciﬁc spatiotemporal
pattern of alpha band activity, we applied transcranial alternating
current (tACS) at the alpha frequency (10 Hz) unilaterally over either
left- or right occipital-parietal areas in a task that requires spatial up-
dating during whole-body motion. We assessed the eﬀect of stimulation
psychometrically and derived two behavioral measures (see Fig. 1B):
the updating gain, reﬂecting the amount of internal transfer of the re-
membered spatial location (i.e., the estimated spatial shift of a loca-
tion), and updating precision, a measure for the quality of the re-
membered spatial location (i.e., the non-systematic variance in
location). The gain and precision updating may reﬂect diﬀerent me-
chanisms and be independently aﬀected.
Previous studies have shown that a low current applied to the scalp,
alternating at alpha frequency can entrain alpha band activity (Ruhnau
et al., 2016; Zaehle et al., 2010), and cause behavioral eﬀects in various
cognitive domains (Brinkman et al., 2016; Cecere et al., 2015; Helfrich
et al., 2014; Schutter and Wischnewski, 2016), although the exact
mechanisms are in dispute (Herrmann et al., 2013; Kar and Krekelberg,
2014; Vossen et al., 2015).
Based on our recent observations (Gutteling and Medendorp, 2016),
we hypothesize that alpha band is directly involved in the remapping,
either as an interhemispheric transfer mechanisms and/ or an inter-
ference protection mechanism. Given this, alpha tACS will improve the
updating gain for representations that are remapped across the
Cz
Fig. 1. Overview of the paradigm. A) Schematic top
view of the experimental setup. Subjects were seated
in the translation sled, in complete darkness, while a
target (red circle) was presented using an LED array
in front of the participant. Fixation was attached to
the sled (green circle) and remained straight ahead
of the subject. After target presentation, the sled
moved either toward or away from the remembered
target, resulting in an updated target either being
remapped across hemiﬁelds, or within. Insets show
the subjects’ view before body motion (pre, left) and
after (post, right). Dotted circles denote remembered
(non-visible) targets. B) Derivation of the gain
parameter and C) the variance from the psycho-
metric curve. The gain is derived from the mean
(50% point) of the curve and corrected for move-
ment distance (see Section 2). In this paradigm, gain
aﬀects the remembered location of the spatial target.
The variance is derived from the slope of the curve
and aﬀects the precision of the target location. D)
Montage arrangement of the electrical stimulation. A
small electrode was placed over either the left or
right parieto-occipital areas, corresponding to EEG
10–20 electrode location P3/O1 and P4/O2 respec-
tively. A larger electrode was placed over Cz. E)
Overview of the experimental conditions from the
subjects’ view. Red ﬁlled targets represent visual
(initial) targets, dotted circles represent re-
membered, remapped targets after the motion. Tar-
gets had to be remapped either to the other hemi-
ﬁeld, or within the same hemiﬁeld. Conditions are
named after the position of the initially presented
target and remembered target relative to stimulation,
e.g. in the no stim-stim condition the initial target
appears in the hemiﬁeld contralateral to the non-
stimulated hemisphere and the remembered target
contralateral to the stimulated hemisphere. Colored
hemiﬁelds denote the stimulated hemiﬁeld ac-
cording to the montage in D. (For interpretation of
the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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hemispheres by facilitating transfer. If the alpha oscillations are ac-
tively involved in reducing interference, updating precision should be
enhanced for targets that are remapped from the non-stimulated- to the
stimulated hemisphere during alpha tACS, better protecting the re-
presentation ﬁdelity.
2. Material and methods
2.1. Participants
Thirty healthy volunteers (16 women, mean age 23.6 yrs, range
18–31) participated in the study. Inclusion criteria were right-hand-
edness, non-smoking, and normal or corrected-to-normal vision.
Exclusion criteria were disorders of the visual and motor system, metal
in cranium, use of medication (i.e., anti-epileptics, neuroleptics, tri-
cyclic antidepressants or benzodiazepines), ﬁrst degree epilepsy or fa-
mily history of epilepsy, history of closed-head injury, history of head
surgery, history of neurological or psychiatric disorders, medication
pump, brain infarction, heart disease, cardiac pacemaker, pregnancy,
and electronic hearing devices. Subjects were asked not to consume
alcohol 24 h- and no caﬀeine or chocolate 2 h prior to the experiment.
Written informed consent was obtained and subjects received payment
or course credit for participation. The study was performed in ac-
cordance with the standards set by the Declaration of Helsinki and
approved by the medical ethical review board of Arnhem-Nijmegen.
2.2. Setup
All measurements took place in a completely darkened room.
Subjects were seated in a custom-made linear sled capable of translating
sideways along an 800 mm track. The sled, powered by a linear motor
(TB15N, Technotion, Almelo, The Netherlands), was controlled by a
Kollmorgen S700 (Danaher, Washington, DC) drive. The sled was
controlled with an accuracy better than 50 µm, 2 mm/s, and 150 mm/
s2. The subjects’ interaural axis was aligned with the sled motion axis.
Participants were restrained with a ﬁve-point seat belt. Head motion
was restrained with a modiﬁed over-ear headphone ﬁxed to the sled.
Responses were given using a computer mouse (see paradigm) in the
subjects’ right hand. During the task, white noise was presented using
in-ear earphones, masking the sound produced by sled motion.
For each subject, the experiment consisted of two separate sessions,
at least one week apart. Both sessions started at the same time of day. In
every session, the updating task (lasting about 20–30 min) was per-
formed twice: once during a pre-test to establish a baseline, and once
during a stimulation session. The pre-test was included to be able to
compensate for week-to-week variation in performance within subjects.
During the stimulation session, transcranial alternating current stimu-
lation (tACS) with a frequency of 10 Hz (alpha band central frequency)
was applied as either real or sham stimulation using a battery-driven
current stimulator (Eldith DC Stimulator, Ilmenau). The current was
ramped up to 1 mA (peak-to-peak) over 10 s. In the sham condition, the
current was ramped down again after 1 min while the current remained
on in the stimulation condition. The experiment was performed double-
blind regarding the stimulation condition, that is, the experimenter did
not know whether the stimulation was real or sham. The stimulator is
operated by entering a digit code that results in sham or real stimula-
tion. Two codes were generated for every subject and session. Neither
subject nor experimenter could derive the real of sham stimulation from
the code and every code was used only once. Double-blind coding was
performed using the open-source web-based application RANDI2
(www.randi2.org), performed by one of the staﬀ members who was not
directly involved in data acquisition.
The stimulation covered either the left or right parieto-occipital
areas because these regions have shown the largest alpha band mod-
ulation in previous updating experiments (Gutteling et al., 2015;
Gutteling and Medendorp, 2016). Subjects were pseudorandomly
assigned to either the left or right montage group, while counter-
balancing gender between groups. One electrode (4 × 3 cm) was
placed at EEG electrode position P3-O1 (10–20 system) for a left
montage or P4-O2 for a right montage. The second electrode (9 ×
5 cm) was placed over electrode Cz (vertex), see Fig. 1D. The vertex
electrode was considerably larger to reduce the focality, and thus ef-
fectiveness, of stimulation in this area of no-interest. Skin contact was
ensured using conductive gel (SuperVisc gel, Easycap GmbH). Im-
pedance was typically kept below 10 kΩ. Depending on the subject's
performance, duration of tACS was typically 25 min (+/− 5 min).
None of the participants of the actual experiment reported phosphenes
during tACS (Schutter, 2015). Some participants noticed a slight tin-
gling sensation at the onset of stimulation, which dissipated quickly.
However, this occurred in the initial phase of both real and sham sti-
mulation.
Binocular eye movements were recorded at 500 Hz using an
EyeLink 1000 system (SR research, Kanata, Canada), with online head
motion correction. The camera system was mounted on the sled and
used infrared illumination outside the visible spectrum.
Visual stimuli were presented using red light-emitting diodes
(LEDs). A single LED was mounted on the sled at ~720 mm from the
subjects’ eyes and served as a body-ﬁxed ﬁxation point. A 450-mm-wide
array of LEDs, consisting of 180 LEDs with a spatial separation of
2.5 mm (center to center), was used to present target and probe stimuli.
The LEDs were approximately square (2 × 2 mm), USB-powered with a
luminance of 1 cd/m2 or less. This array was oriented in parallel with
the sled movement axis, and was mounted on a tripod on the ﬂoor
where it was stationary at 900 mm from the subjects’ eyes. The ﬁxation
point and LED array were displaced vertically by a few millimeters,
such that they did not occlude each other and were approximately at
eye level.
2.3. Paradigm
The task consisted of a spatial updating paradigm with world-ﬁxed
target locations and a body-ﬁxed ﬁxation point, similar to (Gutteling
and Medendorp, 2016), see Fig. 1A. At the start of each trial, the
ﬁxation led that was mounted on the sled, straight ahead of the sub-
jects, was turned on. This forced the subjects to ﬁxate straight ahead
throughout the entire trial, which was conﬁrmed by eye tracking. After
0.5 s, a target was presented either to the left or right of the central
ﬁxation point for 100 ms (thus in the left or right hemiﬁeld), which had
to be remembered across body motion. The target was always presented
2.9° (45 mm) +/− 0.3° (5 mm) jitter to the left or right using a LED
array. After another 500 ms, subjects were passively translated side-
ways for 1 s using a minimum jerk proﬁle, while subjects (internally)
kept track of the remembered target location. This motion proﬁle
minimizes the third derivative of position (the rate of acceleration),
which yields very smooth motion. The motion could either be in the
direction of the target, or away from it. When moving towards the
target, the displacement was 180 mm (peak velocity 340 mm/s), and
the target ended up 135 mm (8.5°) on the other side of the ﬁxation
point, thus in the opposite hemiﬁeld. So, relative to the body midline
and gaze direction, the remembered location moved across hemiﬁelds.
When moving away from the target, the displacement was 90 mm (peak
velocity 170 mm/s), also ending up 135 mm (8.5°) away from ﬁxation,
on the same side. So, relative to the body midline and gaze direction,
the remembered location shifted within the same hemiﬁeld. After the
motion and a subsequent 500 ms post-motion period, a world-ﬁxed
probe LED was ﬂashed. The subjects’ task was to indicate whether the
probe was to the left or right of the initial target using a mouse in the
right hand. After clicking the mouse (left or right button), a new trial
began. If subjects failed to see either the target or probe ﬂash, the
middle mouse button could be pressed to withhold a response. The
mouse response was made without time pressure.
The probe location was varied systematically to assess the
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remembered target location psychometrically (see Analysis). A ﬁxed-
interval procedure was used, equally spaced over 9 locations, spanning
8 degrees of visual angle, with a maximum of 12 degrees depending on
subject performance. Due to the general underestimation of self-motion
in these updating tasks (Clemens et al., 2012; Gutteling et al., 2015)
probe locations were shifted towards the ﬁxation point (consistent with
an underestimation of motion), but always contained the veridical lo-
cation.
Subjects were instructed to remember the position of the initial
target as if it is ﬁxed in the world, update its memorized location over
the course of the sled motion, and compare the internally updated lo-
cation with the location of a probe (‘is it left or right of the ﬁrst one?’).
There was a small (0.5–1 min) break every 54 trials, during which the
lights were turned on. On average, subjects completed 5 of these small
blocks, yielding ~270 trials, depending on the speed of response of
subjects. In total, the subjects performed the task four times (pre-test
and stimulation, for two separate sessions), totaling up to ~1080 trials
per subject. In total, for every subject, there were sixteen conditions as
the result of two stimulation conditions (sham/real), two test periods
(pre-test/stimulation), two updating conditions (within/across hemi-
ﬁelds) and two displacement directions (left/right). Because there were
two possible stimulation montages (left or right hemisphere), the initial
target could appear in either the stimulated or non-stimulated hemi-
ﬁeld, see Fig. 1E. Updating conditions and laterality of the initial targets
were randomized, with the restriction that the same motion direction
could only be repeated once (e.g. motion to the left twice was always
followed by a movement to the right). For clarity, we refer to the lo-
cation of the initial and remapped stimulus relative to stimulated
hemiﬁeld when naming conditions. We assumed that stimulation pre-
dominantly aﬀects the contralateral hemiﬁeld. Thus, a subject in the
left hemisphere stimulation group (stimulating the right hemiﬁeld),
being presented with a target on the right, which is on the left after the
motion (updating across) is in a ‘stimulation to no-stimulation’, or ‘stim-
no stim’ condition. Data were sorted and averaged according to later-
ality of the initial target regarding the stimulated hemiﬁeld (stim/no
stim) and updating condition (across/within), yielding four conditions
per stimulation type: ‘stim-stim’, ‘no stim-no stim’ (updating within
hemiﬁeld), ‘no stim-stim’ and ‘stim-no stim’ (updating across hemi-
ﬁelds).
2.4. Analysis
This study used psychophysics with a ﬁxed-stimulus interval (see
‘paradigm’). Responses outside the stimulus range are indicative of
erroneous performance. When subjects’ performance was so poor that
their responses were beyond the stimulus range, they were excluded
due to failure to perform the task. Eight participants were excluded
from the analysis due to: not ﬁnishing the experiment (2), equipment
failure (1), failure to perform the task (5). One subject did not tolerate
the initial tingling sensation caused by the tACS, all others tolerated
stimulation well and reported no noticeable sensation after the initial
current ramping up. For the remaining subjects (12 women, mean age
24.1 yrs, range 18–31), analyses were performed using MATLAB
(Mathworks, Natick, MA, USA). Subjects’ responses were used to cal-
culate the likelihood of a right response as a function of probe location
by ﬁtting a logistic function using a Bayesian inference approach for
each task condition using psigniﬁt3 (Fründ et al., 2011). The mean of
this function (µ) represents the bias (positive value corresponds to a
rightward bias), see Fig. 1B. The width of the curve (σ), determined
over the interval in which the function rises from 0.1 (α) to 0.9 (1-α),
serves as a measure of the participant's variability in the updating task
and is inversely related to precision, see Fig. 1C. All statistics were
performed using gain and variance measures. To measure updating
accuracy, independent of the direction or size of the motion (D), the
updating gain (γ) was calculated. As the displacement size is identical
to the target displacement (from the subjects’ perspective), the
estimated displacement = −D Dˆ µ, and γ is calculated as D Dˆ / . This way,
the gain factor is 1 for ideal updating performance and 0 when no
updates are made. This gain factor represents the accuracy of the up-
date and can be seen as a measure for transfer between neural popu-
lations coding spatial locations during remapping. To test the actual
stimulation eﬀects in each condition, but also take into account the
baseline performance, the accuracy and variance values were entered in
a repeated measures ANOVA with factors ‘stimulation type’ (2, sham/
actual), ‘time’ (2, pre-test/stimulation), ‘condition’ (no stim-no stim/
stim-stim/no-stim-stim/stim-no stim) with an alpha level of sig-
niﬁcance at 0.05. Post-hoc t-test were used for further testing.
3. Results
We assessed spatial updating performance during whole-body self-
motion, while 10 Hz tACS at 1 mA (peak-to-peak) was applied over
either left or right parieto-occipital areas. Subjects had to remember a
world-ﬁxed target that was brieﬂy ﬂashed prior to a passive displace-
ment of the body and report its remembered location after the motion
using a 2AFC response (i.e., whether a probe was perceived left or right
of the memorized target).
From the psychometric results we calculated estimates of the bias
(µ) in each of the four conditions, which we converted into an updating
gain (γ, see Methods). We also derived the slope of the psychometric
curves, which is a measure for the variance (σ) of the response, which
we converted into a precision measure (i.e. 1/σ), see Fig. 1B and C.
Fig. 2 shows the results of the updating gain, averaged across sub-
jects (black), superimposed on the single subject results (in gray),
during actual stimulation (upper panel) and sham stimulation (bottom
panel). Both panels also demonstrate the pre-test gains, i.e. without
stimulation at all. A repeated measures ANOVA with factors ‘stimula-
tion type’ (2, sham/actual), ‘time’ (2, pre-test/stimulation), and ‘con-
dition’ (4) revealed a signiﬁcant main eﬀect of ‘time’, (F(1,21) = 5.35, p
= 0.03), indicating that the mean gain in the pre-tests was higher than
in the stimulation conditions (pre-tests: γ = 0.36, SD = 0.23 vs sti-
mulation: γ = 0.32, SD = 0.22). This session order eﬀect occurred
regardless of whether tACS was real or sham. No other signiﬁcant main
or interaction eﬀects were observed (0.13> p>0.84). So, alpha tACS
did not aﬀect the updating gain.
Fig. 3 shows the eﬀects of alpha tACS on updating precision, aver-
aged across subjects (in black), as well as the single subject results (in
gray), both for actual stimulation (upper panel) and for sham stimula-
tion (bottom panel). An ANOVA showed a signiﬁcant ‘stimulation type’
x ‘time’ x ‘condition’ interaction (F(3,19) = 3.45, p = 0.04), which is
equivalent to a signiﬁcant ‘stimulation type’ x ‘condition’ interaction
based on the pre-test – stimulation diﬀerence scores (baseline correc-
tion). There were no other signiﬁcant eﬀects (all p> 0.06). The three-
way interaction was further analyzed using post-hoc paired sample t-
tests. As we were interested in the eﬀect of actual stimulation, we tested
whether the stimulation eﬀect, i.e. the diﬀerence between pre-test and
stimulation, diﬀered between actual and sham stimulation. This re-
sulted in 4 tests, one for each condition. A signiﬁcant stimulation-re-
lated eﬀect in the ‘no stim-stim’ condition was observed (stimulation
eﬀect, actual: 1.60 sham: −0.60, t = 3.21, p = 0.017, Bonferroni
corrected). No other post-hoc tests were signiﬁcant (all p> 0.42, un-
corrected). These results indicate that the precision of updating is en-
hanced when the target has to be remapped from the non-stimulated to
the stimulated hemisphere. This is illustrated in Fig. 4, where the dif-
ference between stimulation and pre-test is plotted as a function of
stimulation type. As can be seen, the mean is clearly above unity in the
no stim-stim condition.
To examine the extent to which the diﬀerences in the pre-test
conditions could explain the eﬀect of real versus sham tACS, we per-
formed a number of additional exploratory analyses. We ﬁrst performed
a repeated measures ANOVA on only the pre-test data with factors
‘stimulation type’ and ‘condition’. No signiﬁcant main eﬀects or
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interactions were found (all p> 0.06). We then split the data into a
‘sham stimulation ﬁrst’ and an ‘actual stimulation ﬁrst’ group. This
revealed no signiﬁcant pre-test diﬀerences between these groups for the
actual stimulation data (independent samples t-test, equal variances not
assumed; 0.09< p<0.98, uncorrected), or for the sham stimulation
data (0.12<p<0.62, uncorrected). There were also no signiﬁcant
pre-test diﬀerences between males and females (0.10<p<0.95, un-
corrected). Furthermore the eﬀect is not driven by a single or a few
subjects, but is quite systematic as precision is enhanced for 17 out of
22 subjects (77%) with actual stimulation. Finally, we pooled pre-test
performance of the across hemiﬁeld conditions, which should yield si-
milar performance, to reduce variance in the pre-tests. Using this pre-
test baseline, our main post-hoc test remained signiﬁcant (t = 3.03, p
= 0.024, same correction).
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Fig. 2. Updating gain group results. Group averages for the gain
factor with actual stimulation (A) or sham (control) stimulation
(B) for all conditions. Vertical colored bars denote±1 standard
deviation from the mean. Gray lines are individual subject data;
the black line denotes the mean. Updating gain was signiﬁcantly
reduced in the second session of the day (pre-test vs. stimulation).
No other signiﬁcant eﬀects were found.
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Fig. 3. Group averages for the variance with actual stimulation
(A) or sham (control) stimulation (B). Vertical colored bars de-
note± 1 standard deviation from the mean. Gray lines are in-
dividual subject data; the black line denotes the mean. The re-
duction in variance, and thus increase in precision in the no stim-
stim condition, was signiﬁcantly diﬀerent between the actual and
sham stimulation conditions (p = 0.017).
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4. Discussion
The aim of the present study was to investigate the role of alpha
oscillations in the remapping process for whole-body spatial updating.
While subjects were ﬁxating straight ahead, we presented targets at
locations that had to be remembered across whole body motion, either
within one hemiﬁeld (do not cross the gaze/body midline) or across
hemiﬁelds (where the remembered location crossed relative to the
midline). By applying 10 Hz tACS at an intensity of 1 mA over either the
left- or right parieto-occipital area, we compared updating performance
to a baseline measurement just before stimulation, and a sham condi-
tion in a separate session.
We found no stimulation-related eﬀects for the updating gain, ir-
respective of whether the remapping was across or within hemispheres.
This suggests that alpha band oscillations do not directly aﬀect the
transfer of target representations during remapping. However, updating
precision was enhanced when a target representation had to be in-
ternally remapped to the stimulated hemisphere, but not in other re-
mapping conditions. This ﬁnding points to a role of alpha band oscil-
lation in protecting the updated representation from distortions.
Based on previous alpha-band tACS using a parieto-occipital mon-
tage (Helfrich et al., 2014; Neuling et al., 2013; Zaehle et al., 2010), we
assume that our current parieto-occipital to vertex montage increased
alpha-band power in the underlying areas during tACS, even though we
did not record EEG during tACS. Furthermore, increases in alpha have
generally been associated with the selective inhibition of neuronal
populations in the visual areas (Klimesch et al., 2007; Sauseng et al.,
2005; Thut et al., 2006). Within this framework, we interpret the in-
crease in precision in the no stim-stim condition as follows: First, there
was an increase in parieto-occipital areas ipsilateral to the initial target,
which is beneﬁcial to disengage this hemisphere from interfering with
the initial target processing in the opposite hemisphere. In our previous
study we have shown that alpha-band power is reduced in this hemi-
sphere after presentation of the initial target (Gutteling et al., 2015),
which would thus be facilitated by inhibiting the other hemisphere. In
other words, there is a positive eﬀect on visual encoding due to reduced
sensitivity of the non-relevant hemisphere (Rihs et al., 2007). This in-
terpretation concurs with similar observations in paradigms with dis-
tractor stimuli (Kelly et al., 2006; Worden et al., 2000).
In our previous study we also found evidence for alpha-power in-
creases in the hemisphere contralateral to the updating target location.
Even though this may seem counterintuitive for the hemisphere that is
engaged, the alpha oscillations may actually help to preserve the target
representation by blocking further inputs aﬀecting its representation
(Gutteling and Medendorp, 2016) and thereby reducing interference
eﬀects for the remembered target. In support, alpha-band increases
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Fig. 4. Stimulation eﬀect for sham and actual stimulation for all four conditions. Each circle denotes the single subject eﬀect of stimulation, i.e. pre-test minus stimulation as a function of
stimulation type. Red dots denote the group mean eﬀect. Deviation from unity indicates an eﬀect of stimulation. This is clearly observed in the no stim-stim condition, in favor of actual
stimulation. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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have also been observed in the context of working memory retention
(Jensen et al., 2002; Rihs et al., 2009). If the increase in alpha activity is
further enhanced by tACS it could explain why the quality of the up-
dated representation (i.e., precision) is increased. Importantly, no pre-
cision eﬀect was observed for targets appearing in the stimulated
hemiﬁeld, where the remapped target was in the non-stimulated
hemiﬁeld. This argues for a role of alpha band oscillations in reducing
interference for the spatial target representation that is being re-
mapped. However, because there were no 10 Hz tACS eﬀects on the
updating gain, we could not demonstrate that alpha-band oscillations
are directly involved in the remapping process itself.
The tACS primarily aﬀected the remapped (remembered) target, but
not the visually presented initial target. This is consistent with neu-
ropsychological ﬁndings from optic ataxia patients with parieto-occi-
pital lesions (Blangero et al., 2011), showing that these patients are
impaired when reaching for a target that has been remapped to the
contralesional ﬁeld, but not when the initial target appears in the
contralesional ﬁeld.
Of note, in the current study, the increase in precision did not occur
when targets had to be shifted within the stimulated hemisphere. It is
possible that the improved precision due to tACS relies on two eﬀects:
(1) ipsilateral alpha increase during encoding and (2) contralateral
increase during interhemispheric remapping. It may be that both these
eﬀects have to be present to produce a noticeable beneﬁt during spatial
updating. The within-hemisphere conditions (stim-stim and no stim-no
stim), as well as the stim-no stim condition lack contribution of both
these eﬀects and thus, no observable eﬀect is present.
Upon visual inspection of the data, it became apparent that the
baseline measurement, i.e. the pre-test performance before the real or
sham tACS session, was not equal across conditions. As the subjects, and
the experimenter were blind to the ensuing stimulation type (real of
sham tACS), no diﬀerences in baseline performance were expected.
Precautions were taken to minimize week-to-week variation by testing
at the same time of day in both weeks. As mentioned in the Results
section, these state-dependent eﬀects could not be explained by session
order eﬀects (counterbalancing), or gender balancing. Because some
variation from week to week is common, we measured this variation in
order to compensate for it, by examining the diﬀerence in performance
within sessions, and comparing these diﬀerences across stimulation
conditions.
Our results also show that 10 Hz tACS does not aﬀect the gain of the
spatial update. Previous studies from our lab (Gutteling et al., 2015;
Gutteling and Medendorp, 2016) have shown that alpha-band activity
in central parietal areas correlates with spatial updating behavior, i.e.
updating gain. Given that tACS was applied over more lateralized oc-
cipital areas, this may not have aﬀected central parietal processing.
Alternatively, it may be that alpha-band activity is not directly involved
in the remapping process, but is observed after the remapping process,
enabling a stable spatial representation.
Finally, our current ﬁndings with 10 Hz tACS do not imply that
eﬀects in this paradigm are restricted to this frequency. Given that we
only tested using 10 Hz, we cannot make claims on the frequency
speciﬁcity of the observed eﬀects. However, with this 10 Hz stimula-
tion, our observations suggest that the oscillations may not aﬀect the
transfer of target representations during remapping, but do reﬂect the
quality of the representations that are encoded, stored, updated and
maintained.
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